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ABSTRACT 

(Distribution Limitation Statement A) 

The interest in pollution emissions from aircraft has been enhanced by Environ- 
mental Protection Agency's recent determination that major civilian airports are 
significant contributors to localized air-quality degradation. This report sum- 
marizes the USAF aircraft and engines in common use, presents normalised engine 
pollution emission factors (emission indices), reviews deficiencies in present 
emission data, and recommends future efforts to better analyze aircraft emissions. 
Primary goals of the report are to provide aircraft emission data which can be 
used in environmental impact assessments at many locations and to stimulate com- 
ment on the direction of future USAF efforts concerning the recommended projects. 
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SECTION I 

INTROD'ICTION 

Emission standards for control of pollution from civilian aircraft, as 

rerantly promulgated by Environmental Protection Agency (ref. 1) have inten- 

sified the need for an accurate evaluation of the Air Force's contribution to 

degradation of ambient air quality. While airbases are not intuitively con- 

sidered to have as great an impact on the local environment as large civilian 

airports, the fact remains that the Air Force burns approximately 45 percent* 

of the jet fuel used in this country (more than any other single agency). Since 

it would be incongruous to force stiff emission controls on civilian airlines 

yot not control or even analyze the impact of DOD aircraft, several related 

projects have been initiated by Air Force System Command laboratories. The 

interrelationship of these projects will necessitate full cooperation between 

many Air Force and Department of Defense agencies. Figure 1 illustrates the 

applicable regulations, related projects, and uses of aircraft emissions analy- 

sis. An accurate environmental assessment of aircraft operations has three pri- 

mary components: the measurement of pollution emissions per engine, accurate 

descriptions of aircraft operating procedures to calculate total emissions 

released, and a dispersion model to predict the resulting ambient air quality 

upon which potential health and welfare effects are based. Each component is 

described separately in the following sections. 

1. ENGINE EMISSION FACTORS (INDICES) 

An aircraft engine pollution emission factor (PEF) is the measured pollutant 

emitted per engine operating mode (i.e., idle, cruise, military, afterburner). 

Most data are normalired per 1000 pounds of fuel flow for ease of comparison. 

The term emission factor is most often used in air pollution engineering and 

can be used interchangeably with emission index (El) usually used in aeronautical 

engineering. Measuring emission factors is a difficult and expensive procedure 

but it is essential for any overall environmental assessment of aircraft opera- 

tions. 

*Air Force JP-4 and JP-5 usage in 1971 was 6.782 billion gallons (ref. 2) while 
all other civilian jet fuel during that year was 8.165 billion gallons (ref. 3), 
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ßy working closely with EPA, personnel from the Air Force Aeropropulsion 

Laboratory (AFAPL) developed pollution emission factor goals proposed for future 

Air Force aircraft engines (ref. 4). The term "goal?" is used since goals are 

proposed to be used as design criteria by engine manufacturers but will not neces- 

sarily be issued as procurement regulations. Maximum allowable idle combustion 

inefficiencies of 1 percent are proposed in order to limit cerbon monoxide (CO) 

and unburned hydrocarbon (UHC) emissions. Nitrogen oxide (N0X) reduction of 50 

percent (75 percent for large noncombat transport engines) are proposed. Sroke 

numbers which will ensure Invisible aircraft smoke plumes have also been developed, 

The promulgated EPA regulations were changed to be less stringent compared to the 

EPA regulations proposed on 12 December 197?, and are now in close agreement with 

the AFAPL goals. 

The establishment of military engine emission reduction goals is an example 

of taking the initiative to reduce pollution emission levels prior to the estab- 
lishment of Federal regulations to force such reductions. In this manner, regula- 

tions which produce effective pollution reductions yet do not produce unaccept- 

able cost or performance penalties will hopefully be developed. However, the 

environmental effectiveness of the proposed goals or even the necessity of such 

goals on all USAF aircraft cannot be evaluated without an emission inventory and 

a thorough air-quality assessment as described in the following two sections. 

2. TOTAL EMISSIONS INVENTORY 

Since engine emission factors are normalized per 1000 pounds of fuel burned 

per hour per engine operation mode, these factors are of limited usefulness 

wuhout knowing the time periods that aircraft operate* the number of aircraft 

operations at each location of interest, and the engine fuel flow for each air- 

craft mode. 

a. Landing and Take-Off Cycles 

The time period to be used with each emission factor is obtained by 

developing an average landing and take-off (LTO) cycle for each aircraft. The 

EPA LTO cycles origindlly included the duration, in minutes, of five phases of 

aircraft operations: 

(1) taxi/idle (out) 

(2) take-off 

(3) climb-out (up to 3000 ft altitude) 

m '       i iiMiiiiMiiiiiHi iiiiiiim n HU  u Lu.j_i_ji_L msrnsBrn mmmamm 
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(4) approach (below 3000 ft altitude) 

(5) taxi/idle (in) 

Some recent EPA studies have an expanded 10-phase LTO cycle (ref. 5) which is 

very similar to the proposed USAF cycle. 

The LTO cycles used by EPA are not applicable to military aircraft due 

to both performance and operational differences. Unfortunately, military LTO 

cycles are not now available (see the proposed effort in section VI). Conse- 

quently, the major emissions study by EPA (ref. 6) did measure some military 

engine emissions factors but could not apply them due to the lack of LTO infor- 

mation. 

Developing accurate LTO cycles for each aircraft is equally as important 

as engine emission measurement since both values are multiplied to obtain the 

ouantity of pollutant per aircraft operation. 

b. Operational Information 

The final component to enable calculation of a total emissions Inventory 

is the number of operations per aircraft per time of interest.    Most air-quality 

assessments are done on both an annual and a short-term (1 to 24 hours) basis 

since the Federal ambient air-quality standards have the same basis.    Consequently 

an inventory of operations on a short term through 1-year basis must be performed. 

Since the local airbase environment is of prime concern, the operations inventory 

must be compiled individually at each locale of interest.    This information is 

often available from existing operational records but is quite time-consuming to 

compile.    Also some operational  information, such as the number of "touch and go" 

operations used to improve pMol :>    fi-^ncy, is not accurately recorded. 

A Msting of USAF aircraft: ^me types, and percent usage is presented 

as tables I and II to indicate the many aircraft and corresponding engine types 

for which this operational  information will be obtained. 

3.    AIR-QUALITY ASSESSMENT 

Finally, a computerized model is needed to handle the vast amount of emission 

and operational input data.   This model will also use climatological and meteoro- 

logical data so that the total emission information will be converted to ambient 

air-quality values.    An impact assessment is therefore made by the comparison of 

these predicted results with Federal air-quality standards for potential health 

and welfare effects. 
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Table I 

USAF AIRCRAFT INCLUDED IN THE AFWL AIR QUALITY ASSESSMENT PROGRAM 

EHCIXES FOK 
AIRCRAFT mnuM. AiacRAfT* üMCINE mi** AIRCRAFT AfTElBOWa 

»owten 

a-i N/A F-101  (CE) Tea 
K52 C-E 268 J-S7-I9tf (F) Mo 

r-c 2*7 J-57-43W (F) Mo 
i 99 TF-33-3 <F) No 

B-37A-3C 60 J-«5 (W) Ho 
E-C 67 TF-33-11 (F) Mo 

SubcotAl • 7 - 7*1 

Fighteri 

F-IOOA-F TU J-57-21 (F) Yes 
f-101 A-H u:i J-57-55 (F) Yea 
F-102A 318 J-57-23 (P) Yes 
F-104A-C uq J-79-3B (GE) Yes 
F-105Ä-G 2 59 J-75-19W (P) Yes 
F>106A-b 259 J-^-17 (F) Yes 
F-4A-D 126i J-79-15 (GE) Yes 

E 63A J-79-r  (CE) Yes 
F-5A-B 24 J-e5-13 (6E) Yes 
F-illA-F 30t TF-30-» (F) Yes 
F-15 N/A F-100  (F) Yes 

Subtotal - 11 - «36« 

Attack Aircraft 

A-7D J9r TF-41-A-1  (A) 1 No 
A-10 N/A TF-34-2(CE) 2 No 
A-37A 2i* J69-25 (Cont) 2 No 

B iO1 J-85-17A  (CE) 2 No 

Subtotal • * -  421 

Carp Aircraft 

C-5A 53 TF-39   (GE) Vo 
C-9A U JT-8D-9  (P) No 
C-130A-S 715 T56-7  (A) No 
KC-135A 619 J-57-i9W  (P) No 

B-U 143 TF33-5- (P) No 
C-HU 281 TF-33-7 (P) No 
C-7 IJ6 R2000 No 
C-47A-q 198 R-1830-SIC3-C (P) No 
C-97!)-L U3 R-4360  (P) No 
C-119 G/K 125 R-3350-89BU/Jf-b5 2/4 (plvj 2 

J-85'a in "K" 
No 

SiiJ>tr)tal - 9 - 2407 model only) 

Training Aircraft 

T-29 333 R-2800-99{?) NO 
T-33A-B 882 J33-35  (A) 1 No 
T-37B 812 Jt.9-T25   (C) 2 No 
T-38 1053 J85-5   (GE) 2 <** 
T-39A-F 141 -160   3A   (P) 2 No 
T-4IA-C 240 0-300(0 1 NO 
Subtotal "   S - 3461 

Observation Aircraft 

0-1A 0470  (C) 1 No 
O-ZA.B 394 I03Ö0D  (C) 2 No 
OV-10A 110 T-76 2 No 

Subtotal -  3 - SI6 

Helicopters 

HH-3 94 T58-5  (GE) No 
HH--43B-F 149 T53-1 (L) No 
HH-53BC 57 T64-7   (GE) No 

UH-1F 69 T58-3  (GE) No 
H,N,P 127 T53-13  (L) Ko 

Subtotal • 5 - 496 

TOTALS 

45 Aircraft types    12,4IOAlrcraft 7 Afterburning 
Engine« 

8 Turbojets 
8 Turbofan« 
5 Turboprop« 
8 Pistons 

29 Basic Engine Model« 

* The nurfier of aircraft per model wa« compiled from th« AFLC prepared A«ro«p«ce Vehicle 
Inventory report dated 21 March »72 which wa« deela««ifl«d « 21 March 1973. 

•• Engine Manufacturer« Code:    CE - General Electric;    P - Pratt h Whitney Aircraft; 
A - Allison; C  - Contloaatal;    G - Garrett Air Research;    L - Lycomiog. 

^J 
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Table II 

USAF AIRCRAFT ENGINE USAGE* 

Engine 
Percentage 
of Major 
Engines 

Percentage 
of Flying 
Hours 

J-57 !      30.1 26.3 

TF-33 9.3 17.8 

T-56 11.2 15.8 

J-85 10.5 10.5 

J-79 15.6 9.5 

J-69 6.6 7.2 

J-60 1.4 2.5 

T-76 .9 1.6 

TF-30 2.8 1.5 

J-33 2.2 1.5 

TF-39 .9 1.1 

J-75 2.0 1.0 

T-58 1.4 1.0 

TF-41 1.7 .8 

J-65 1.1 •5 

T-64 .5 .4 

T-53 .6 .3 

T-400 .5 .3        i 

J-71 .4 ■3 

J-47 .3 .1 

*    Based on data from AFLC/WPAFB for 19,036 installed active engines 
for the first quarter of 1972. 
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Development of this computerized air-quality assessment model is currently 

underway using the general Gaussian dispersion equations and incorporating the 

puff theory and stagnation condition treatments as developed by Argonne National 

Laboratory. This model will place major emphasis on developing characterizing 

pollution from the take-off and landing of Air Force aircraft. Additionally, 

dispersion from municipal, industrial, and vehicular pollution sources as pre- 

viously developed by EPA and others will be included as an integral part of this 

model so that comparisons to aircraft can directly be made. 

Application of the air-quality assessment model will be initially made at 

five Air Force bases. Bases with large numbers of aircraft operations as flown 

by SAC, MAC, TAC, ATC, and AFLC will be chosen. 

4. SUMMARY OF PUBLIC LAWS AND EXECUTIVE ORDERS 

The Federal Government has initiated laws for the specific purpose of pre- 

venting further degradation of the atmosphere. The clean air act of 1963 is the 

first major legislation to be enacted for the purpose of investigating and con- 

trolling air pollution, mainly at the regional and local level. The Act gives 

the Federal Governnent authority to intervene in interstate problem areas. 

Another vehicle that the Federal Government has used to express concern in pol- 

lution is that of the Executive Order, One of the earliest of these dealing 

with air pollution is Executive Order 10779 (ref. 7) (August, 1958) which directs 

Federal agencies to cooperate with state and local officials. 

The first mention of aircraft emissions as a possible source of air pollution 

in a Federal law came about In the Air Quality Act of 1967. Under section 2116 

of the Emission Standards Act of 1967 is the following statement (ref. 8): 

"The Secretary shall conduct a full and complete investigation and study 

of the feasibility and practicability of controlling emission from jet 

and pistoi aircraft engines and of establishing national emission stand- 

ards with respect thereto..." 

This statement concerning the establishment of national emission standares for 

aircraft engines is the primary reason that considerable public interest has 

been generated in the area of aircraft emissions determination. 

The Clean Air Act of 1970 (ref. 9) which created the Environmental Protection 

Agency contains additional specific references to possible pollution being 

emitted from aircraft operations. The Clean Air Act contains in section 231.1 

the following statement: 
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"The Administrator shall commence a study and investigation of emis- 

sions of air pollutants from aircraft in order to determine: 

A. The extent to which such emissions affect air quality in air 

quality regions throughout the United States and, 

B. The technological feasibility of controlling such emission." 

Based on the information obtained from this study the administrator (EPA) was 

to issue proposed emission standards applicable to the emission of any air pol- 

lutant from any class or classes of aircraft or aircraft engines (ref.10). The 

Clean Air Act of 1970 also contains a section (118) that directs all Federal 

facilities to: 

"...,comply with Federal, State, Interstate and local requirements 

respecting control and abatement of air pollution to the same extent 

that any person is subject to such requirements." 

The next sentence in this section does allow the President to exempt any Federal 

emission source if he determines that it is in the best interest of the country 

to do so. 

Prior to the passage of the Clean Air Act of 1970 (December 1970) the 

President issued Executive Order 11507 (ref. 11) (February 4, 1970), "Control of 

Air and Water Pollution." The following statement, made by the President upon 

signing Executive Order 11507 shows the intent of the executive order: 

"The order I am issuing today will require that all projects or instal- 

lations owned by or leased to the federal government be designed, 

operated, and maintained so as to conform with air and water quality 

standards present and future—which are established under federal 

legislation." 

The first section of the Executive Order, the policy statement, intends to broaden 

the responsibility of the Federal Government from maintaining its own facility to 

providing leadership to the nation in the areas of air and water pollution control 

and abatement. 

One could assume from the intent of this Executive Order that the Air Force 

(in the following case) should take the lead in determining the extent of air 

pollution produced by military aircraft operations, and when once determined, 

should derive a plan to eliminate as much of the pollution as is practicably 

possible. This task should be met and accomplished irrespective of the speed of 

8 
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compliance in the civilian sectors. Also, this order requires the Federal 

facilities to comply with all present and, more importantly, future air and water 

quality standards. 

The proposed standards for aircraft and aircraft engines were published in the 

Federal Register (ref. 12) on Tuesday, December 12, 1972 at the same time proposed 

standards for ground operation of aircraft to control emissions were published 

(ref. 13). Three major reasons for proposing these standards are stated as 

follows: 

"...(I) that the public health and welfare is endangered in several air 

quality control regions by violation of one or more of the national 

ambient air quality standards, 

...(2) that airports and aircraft are now, or are projected to be, 

significant sources of emissions or carbon monoxide, hydrocarbons 

and nitrogen oxides in some of the air quality control regions in 

which the national ambient air quality standards are being violated, 

as well as being significant source of smoke; 

... (3) that maintenance of the national amibent air quality standards 

and reduced impact of smoke emission requires that aircraft and air- 

craft engines be subjected to a program of control compatible with 

their significance as pollution sources." 

The first of the proposed standards, "Control of Air Pollution From Aircraft 

and Aircraft Engines/ was promulgated on 17 July 1973. Emission standards are 

set for total hydrocarbons, carbon monoxide, oxides of nitrogen, and smoke. 

Standards apply to newly manufactured engines and in some cases, in-use engines. 

Test procedures are also indicated. These standards, however, do not currently 

apply to military aircraft- 

The second of the proposed standards, entitled "Ground Operation of Aircraft 

to Control Emission," deals mainly with suggesting ways of modifying ground 

operations so as to reduce emissions of the aircraft when they are on the ground 

during idle and tax! modes. Promulgation of these standards is being delayed to 

allow these modifications to be investigated more fully by the Secretary of 

Transportation since they could possibly lead to unsafe operating conditions. 

The summary of the public laws and executive orders just presented clearly 

states that emissions from aircraft operations are a significant cause of pollu- 

tion in some areas and can become mere significant in the future. With this in 

mind, EPA has proposed standards that should be implemented to remedy the 
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situation. Section 118 of the Clean Air Act of 1970 places responsibility on the 

Federal Government to comply with the Clean Air Act, but Executive Order 11507 

(although signed before the Clean Air Act) places even greater responsibility on 

the Federal Government, in that the government should take the lead in controlling 

air pollution. Therefore, the Air Force must take the lead and do all that is 

possible to determine the significance of the aircraft pollution problem and then 

do as much as required to reduce the pollution from military aircraft operation. 

M 
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SECTION II 

CONCLUSIONS AND RECOMMENDATIONS 

The following conclusions and recommendations are presented as a very brief 

summary of the material which is treated in greater depth in later sections. 

1. CONCLUSIONS 

Present aircraft emission factors ^or military aircraft are based on an 

inadequate data base due to the sparse number of engines tested. Engine to engine 

variability is therefore largely unknown. 

Data on particulate emissions in all engine modes and on all pollutants in 

afterburner engine modes are particularly lacking. 

While E^A has determined that large civilian airports can significantly con- 

tribute to the exceeding of Federal ambient air-quality standards, a detailed 

study of the impact of large USAF airbases on surrounding air quality has never 

been accomplished. Neither the requirement nor the degree of need for USAF 

emission controls has therefore been established. 

Average landing and take-off (LTO) cycle emissions characteristics for USAF 

aircraft have not been determined. The accuracy of this determination is a major 

factor in the overall accuracy of any aircraft impact assessment. 

2. RECOMMENDATIONS 

The AFSC project for the construction of an aircraft engine mobile emission 

testing laboratory by Arnold Engineering Development Center (AEDC) should be 

continued to develop a capability to measure relatively large numbers of engines 
%ently in the USAF inventory. 

Emission measurements of ten engines per model (J-69, TF-30, etc.) are 

initially recommended to investigate engine to engine variability. 

Use of a mobile emission laboratory to performing tests at engine rebuilding 

facilities (such as AFLC Air Material Areas) is recommended as opposed to trans- 

porting large numbers of aircraft engines to a central testing location such as 

AEDC. In this way, the logistical problems of obtaining and operating active 

engines are minimized. 

11 
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AFLC permission to allow emission tests at their AMA engine test facilities 

should be sought. While every effort will be made to perform these tests on a 

minimum interference ba^is, engine operating times longer than normally used are 

needed to obtain the complex emission measurements. 

A thorough impact analysis using the best available aircraft emission factors 

is recommended. Primary goals include: 

a. Determination of airbase effects on surrounding air quality as compared 

to civilian airport contributions and Federal standards. 

b. Determination of t' > significance of each type of USAF aircraft on air 

quality. 

c. Suggestion of pollution control strategies which are sufficient to prevent 

significant environmental degradation yet not overly stringent so that high costs 

are incurred to produce minimal environmental benefits. 

Obtaining average LTO cycles fo* each type of active USAF aircraft is recom- 

mended. The suggested method of data collection is through Command channels 

using the sample data sheet format as presented in section VI. 

12 
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SECTION III 

PRESENT AIRCRAFT EMISSION FACTORS 

The determination of aircraft emission factors has been proceeding for approx- 

imately the last 13 years, with the only significant contributions coming in the 

last 5 years. The progress over this 5-year period in obtaining the emission 

factor information is reviewed in the following section. 

1. EMISSION FACTORS LITERATURE REVIEW 

a. Nature and Control of Aircraft Engine Exhaust Emissions (ref. 14) 

In November 1968, Northern Research and Engineering Corporation (NREC) 

published a report prepared for the National Air Pollution Control Administra- 

tion entitled as above. The pollutant emissions published in this report (ref. 

15) were gathered from three previously published reports:  Air Pollution F om 

Commercial Jet Aircraft in Los Angeles County (ref. 16), Oxides of Nitrogen 

From Gas Turbines (ref. 17) and Air Pollution Emissions From Jet Engines 

(ref. 18) and from direct comnunications with engine manufacturers (refs. 19 

through 23). Although this report presents the largest source of emission data 

to November 1968, it is of limited use for Air Force objectives. The major 

drawback is that, the data are presented by engine category (turbofan, turbojet 

and turboprop) and not by specific engine type or aircraft type. The 1960 report, 

"Air Pollution From Commerical Jet Aircraft in Los Angeles County, was based on 

an intensive study of only one type of turbojet, the Pratt &  Whitney JT3C-6 

(ref. 16). The article "Oxides of Nitrogen From Gas Turbines" published in 

January 1968 in the Journal of the Air Pollution Control Association contains 

data from two commercial aircraft turbine engines, mainly the Pratt and Whitney 

JT3C-6 and ilie Pratt and Whitney JT8D (ref. 17). The article entitle "Air 

Pollution Emissions From Jet Engines" published in June 1968 in the Journal of 

the Air Pollution Control Association contained data on three representative Air 

Force jet engines (T-56, J-57)and TF-33) that have counterparts in the civilian 

airlines (ref. 18). 

b. Jet Engine Test Cell Emissions 

In December of 1970 thj USAF Environmental Health Laboratory published a 

preliminary report (ref. 24) with the above title. This report included the 

13 
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results of a literature survey on emission potentials of jet engines and a project 

status report. The emission potentials were obtained from the following three 

reports: Air Pollution From Commercial Jet Aircraft in Los Angeles County (ref. 

13), Air Pollution Emissions From Jet Engines (ref. 15), and from Nature and Con- 

trol of Aircraft Engine Exhaust Emissions (ref. 12). As in the Northern Report, 

the data were presented by the three major categories, turbofan, turbojet, and 

turboprop. 

c. The Potential Impact of Aircraft Emission Upon Air Quality 

The second report of Northern Research and Engineering Corporation, with 

the above title, was published in December 1971 (ref. 25). The emission factors 

in this report were presented in a similar manner as the first NREC report with 

the major modification that the engines were designated by the class of aircraft 

on which they were used, and an example engine in each class was listed by series 

name. This report was the first major report that contained data in any quantity 

on emissions specifically from military engines. 

d. Analysis of Aircraft Exhaust Emission Measurements 

During the same time period that NREC was conducting its study under 

contract to EPA, work was progressing under another EPA contract by Cornell 

Aeronautical Laboratories to gather ennssion factors. The raw data on emission 

factors were submitted by eight contractors to Cornell Aeronautical Laboratory 

for data reduction. Cornell then prepared the formal report entitled as above 

which was published in October 1971 (ref. 6). The Cornell report contains 

emission data on 392 engine tests, comprised of 199 turbine/turboprop tests, 

140 piston engine tests and 53 tests on auxiliary power units (ref. 26). The 

emission data are reported by series, model and serial number of the engine 

tested instead of the method previously used of reporting by aircraft class or 

engine category. The emission data contained in this report are mainly for 

engines used by civilian aviation; however, the report does contain a limited 

quantity of data from military engines. 

e. Noise and Air Pollution Emissions from Noise Suppressors for Engine Test 

Stands and Aircraft Power Check Pads 

In January of 1972, the USAF Environmental Health Laboratory at McClellan 

AFB published a report (ref. 27), entitled as above, on emission factors that was 

the result of work completed after his preliminary report of 1970. The 1972 

report contains data on military aircraft engines operating in the afterburner 

14 
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mode. This report also represents one of the few sources of quantitative infor- 

mation concerning particulate loading in exhaust gases from military or civilian 

jet engines. 

f. Assessment of Pollutant Measurements and Control Technique and Develop- 

m3nt of Pollutant Reduction Goals for Military aircraft Engines (ref. 4) 

The above AFAPL report was published in November of 1972 and therefore 

represents the mosc recent compilation of emission factors for military aircraft 

engines. The emission factors tabulated in this report were gathered from the 

following titles: "Analysis of Aircraft Exhaust Emission Measurements" (ref. 6), 

"Measurement of Pollution Emissions From Afterburning Turbojet Engine at Ground 

Level Part II~Gaseous Emissions" (ref. 28), "Letter Report on Gaseous Emissions 

from the J-57-F21A Engine" (ref. 29). "Exhaust Emission Characteristics-GE 

Engines" (ref. 30), and personal correspondence of the authors (ref. 31). The 

format for presenting the emission factors in this report varies from the reports 

previously reviewed. The ennssion factors are presented only for the mode that 

is considered significant for the particular pollutant under consideration. The 

pollutants and the modes are as follows: CO and hydrocarbons for the idle mode 

and N0X for the take-off mode. 

2. COMPOSITE EMISSION FACTORS 

The emission factors presented in table III are composite values of air 

pollutant emissions from military turbine and piston engines. While many of 

these values are not supported by a strong statistical data base, they represent 

the numbers which in the authors' best judgment should be used as the most 

accurate emission factor based on present data. These values should satisfy the 

immediate need for preliminary emission factors to be used in Environmental Impact 

Assessments and Statements. The emissiun factors presented in this table are a 

composite of published data or in some cases represent the only measurement 

presently available for the specific engine series. The footnotes that accompany 

each emission factor provide the reference or references that were used in 

determining the composite value and the method used in determining the numerical 

value. 

Emission factors in table III represent the emissions from about 43 percent 

of all engine models currently in use by the Air Force but account for about 82 

percent of the total engine usage. To one who is not familiar with engine model 

and associated aircraft, the data could have only limited usefulness. Therefore, 

15 
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table I in section I gives the aircraft's common name with number of aircraft in 

service, the type of power plant including model and series, the number of engines 

per aircraft, and whether or not the engine has an afterburner. A comparison of 

tables I and III will indicate the degree of unavailability of emission factors. 

For example, of the 21 turbine engine models presented in table I, only 10 are 

presented in the composite table 11 as having emission factors available. 

The emission factors presented in table III were given by model number only 

and not further subdivided by series. This procedure was taken even through there 

are many series within some models (as indicated by the 5 series of model J-57 

presented in table I) due to the limited availability of emission data from 

specific series. The emission factors table will be expanded to include specific 

series when additional data becomes available. Until then, care should be 

exercised in the use of the data contained in table III, especially when applying 

the emission factors to engines that have possibly been retrofitted with so-called 

"clean combustors." 

IS 



AFWl-TR-73-199 

SECTION IV 

SHORTCOMINGS IN EMISSION DATA 

1. PUBLISHED EMISSION DATA 

The composite emission factors presented in the previous sections were derived 

from the data contained in table IV. This table contains the majority jet engines 

or their civilian counterparts. Emission factor ..ca contained in this table is 

often inconsistent for any particular engine. The primary reasons for this lack 

of consistency among the emission factor data are as follows: 

a. The number of tests performed in obtaining the emission data are too few 

(in many cases only one test) to obtain generalized information about emissions 

of engines of a specific series or model. Actual variability between apparently 

similar engines is therefore unknown. 

b. The emission factors presented in table IV were not always obtained under 

the same engine operating conditions for any specified operational mode. For 

example, the fuel flow rate could vary by 500 to 1000 pounds per hour and the 

test still wr'jld be considered to be in one specific operationol mode such as 

normal cruise. This variation in fuel flow rate would naturally cause differences 

in the quantities of specific pollutant emissions produced. Although actual 

emissions may exhibit this kind of variation in operating conditions, collected 

data have to be reduced to general engine categories in order to give an indica- 

tion of the quantity of emission likely to be produced under identifiable opera- 

tional modes. 

c. Specific series within a particular model of aircraft engines will exhibit 

differences in the quantities of pollutants emitted. Yet most of the data prior 

to the Cornell report presented data only by engine model and not series. This 

variability is illustrated in the data in the Cornell report on various series of 

the TF-30 engines. 

d. Not all of the data presented were obtained by the same testing procedures. 

The location of sampling equipment, sampling lines, probe designs, analysis pro- 

cedures and testing skill can cause wide variations in the quantities of specific 

pollutants measured. The wide variety of sampling and reporting procedures used 
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for paniculate matter 1s especially critical. A discussion on sampling procedure 

is presented later In this portion of the report. 

e. Different ambient conditions, especially temperature and humidity, can 

cause actual differences in emission characteristics. 

2. COLLECTION OF REPRODUCIBLE EMISSION DATA-PROBLEMS AND LIMITATIONS 

The problems and limitations of obtaining reproducible and/or statisti- 

cally significant emissions factors are the direct result of sampling problems 

connected with the actual testing of the engines or the sizable expense Involved 

In aircraft engine testing, thus negating a large sample size. 

The majority of the problems associated with the actual sampling of turbine 

engines should become of less significance as test procedures become more 

standardized. The use of a specific sampling procedure by all Investigators 

should eliminate many of the specific problems that become evident in the compila- 

tion of table IV. Some of the specific problems are discussed In the following 

paragraphs. 

a. Test Location 

At present, there are three major configurations for testing the emissions 

from jet engines. These are: 

(1) Engine Exhaust Plane Testing 

Measurements are made at the engine exhaust plane inside a test cell. 

(2) Engine Exhaust Plume Testing 

This method uses an outdoor test stand instead of a confined exhaust 

stream as in a test cell. The sampling probe Is inserted in the plume at various 

predetermined locations. 

(3) Stack Testing 

The sampling probe is located in the exhaust area of a jet engine 

test cell or runup stand, with the sampling cf the plume across the known cross 

section area. 

All of the above testing configurations have major limitations in 

their use and ability to give a true representation of the exhaust products that 

exist in the ambient atmosphere. 

20 
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b. Fuel Flow Rate 

The fuel flow rete 1s one o^ the critical parameters of jet engine plume 

testing that can be controlled. 

The fuel flow rates presented in table IV for the various modes varied 

among individual tests by as much as 500 to 1000 pounds per hour. This variance 

in fuel flow rate which may or may not be intentional can affect the resultant 

emission factor considerably. Thus, applying this emission factor in an individ- 

ual case will not represent the actual emission if the operating mode for some 

aircraft has a fuel flow rate much different than the fuel flow rate at which 

emission measurements were taken. 

c. Exhaust Emission Sampling 

Problems and limitations of exhaust sampling fall into two general areas; 

these are (a) variability of sample collection methods, and (b) variability of 

analytical procedures used to determine concentration of material in the gas 

stream. 

The first of these, variability of sample collection method, can affect 

the measured emissions of all pollutants. The most critical single variables for 

sampling of gaseous material are the temperature and location of the sampling 

probe. Temperature is critical in that some of the material may condense out on 

the sampling probe and not be detected or conversely a further chemical reaction 

can take place in the probe or line. Location of the sampling probe is critical 

in obtaining a representative sample. This cannot be accurately done by equal 

area methods due to the very high and unpredictable gradients of pollutants in 

the exhaust stream. 

The second, variability of analytical procedures, is critical, especially 

when considering the concentration of particulate matter. Four major methods are 

used to obtain samples for particulate mass analysis. The Environmental Protec- 

tion Agency (EPA), Bay Area Air Pollution Control District (BAAPCD), the Los 

Angeles Air Pollution Control District (LAAPCD), and dilution tube methods all 

give considerably different results. These differences occur because of differ- 

ences in sampling and analysis of the collected material. Problems are associated 

with the lack of a specific definition of which condensable material should be 

included in particulate matter category. Therefore, one has to be very careful 

when comparing particulate emission results. 
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d. Lack of Data 

This problem covers the broad area from not having sufficient data to 

determine if the emission factor Is statistically significant to the complete 

lack of any test data. For example, all of the tests conducted in the civilian 

sector were on non-afterburning jet engines and did not include particulato mass 

measurements. The three of four individual tests that have besn conducted on 

afterburning military engines are hardly sufficient to draw a conclusion about 

the effect of afterburners on the ambient air quality. 

e. Cost Limitations 

Source testing of jet engines is still In the early development stages, 

and therefore a costly venture at best. In addition to sampling and analysis 

procedure difficulties, the costs in terms of facilities and manpower to get 

statistically significant data on the many operational modes (including after- 

burner) of jet engines are considerable. The Air Force actively uses 21 basic 

turbine models of which 16 are either turbojets or turbofans. Many tests are 

required In each mode of each aircraft before a meaningful pollution emission 

factor can be obtained. Overall testing costs are not only in terms of manpower 

for the test, but also for the disruption of a standardized test cell or other 

maintenance operations. 

3. FUTURE EMISSION FACTORS 

The Environmental Protection Agency has published in the Federal Register a 

sampling procedure to obtain emission data for turbine and piston aircraft engines 

and auxiliary power units. The procedure outlined does not presently include a 

provision for directly sampling particulate matter and the problems associated 

with its collection and analysis. Instead the procedures employ the smoke-number 

method for emission standard compliance, which temporarily avoids the particulate 

matter question. This avoidance of the particulate matter question could create 

considerable problems, especially if the engine is being tested in a test cell. 

It is entirely possible that an engine could meet the smoke-number criterion at 

the exhaust nozzle b.t still be In violation of the Ringelman standard or a pro- 

cess weight standard at the exhaust port of a test cell, due to further reaction 

with augmentation air or visability path length differences in the test cell 

exhaust. 

The EPA proposed standard also does not currently define sampling proceedures 

for engine afterburner operation which is at this time entirely a military 
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application of jet engine technology (except for proposed civilian supersonic 

transport engines). Standard techniques in these two areas will have to be 

developed before consistent emission factors can be determined for military 

aircraft engines. 
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SECTION V 

EFFORTS TO MEASURE AIRCRAFT EMISSION FACTORS 

As a result of Inadequate data on USAF aircraft pollution emissions, a new 

project was initiated in FY 73 to perform measurements on large numbers of USAF 

aircraft engines. The goals of this project are to improve the very limited 

data base of current military aircraft emissions, to supply particulate mass 

loading data which is generally absent from previous measurements, to study 

engine series to engine series variability, and to correlate pollution measure- 

ments made at the exit plane of the aircraft engine exhaust with measurements 

made at the exit plane of a test cell exhaust. 

1. ENGINE PRIORITIES 

A USAF aircraft engines priority list was prepared according to the need for 

pollution data (table V). The percentage of engine hours flown, availability of 

previous emission measurements, and the likelihood of local community impact were 

used as priority criteria. 

The actual sequence of measurements may have to vary, however, due to loca- 

tion and difficulty constraints. For example, J-79, J-75, J-57, TF-30, TF-33, 

and TF-41 engines are overhauled at Tinker AFB; T-56, T-39, and all auxiliary 

power unit engines are overhauled at Kelly AFB; and J-85 and J-69 engines are 

overhauled at contractor facilities. Certain engines may also present special 

sampling difficulties and may be deferred until completion of other more routinely 

measured engines. An example is the TF-30, a mixed flow engine which is difficult 

to sample due to the large volume of air which by-passes the combustion process 

but is internally mixed with the exhaust. 

Tests of approximately 10 engines per model are needed to obtain data which 

is not biased by engine to engine variability. Differences between engine series 

(i.e., T-79-15 versus J-79-17) are also to be determined. From past experience, 

engine testing run times of up to 5 hours per engine can be expected in order to 

obtain representative pollution levels over the strong gradients existing in the 

exhaust stream. A proposed testing schedule is presented in figure 2. 
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Priority 

Table V 

A/C ENGINE TESTING PRIORITY LIST 

Engine 
Type Aircraft Types 

1 J-57 B-52 (C~G Models) 
KC-135A, F-100, F-101 
F-102 

2 J-69 T-37 

3 J-79 F-4, F-104 

4 J-85 T-38 

5 TF-33 ß-52H, C-141 

6 T-56 C-130 

7 TF-30 F-lll 

8 J-75 F-105, F-106 

9 J-33 T-33 

10 TF-41 A-7 

11 TF-39 C-5 

12 J-60 T-39 

13 T-76 0V-10 

14 J-65 B-57 

15 JT-8D C-9 
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2. MEASUREMENT LOCATIONS 

Arnold Engineering Development Center (AEDC) was a candidate location for the 

testing of all engines. AEDC has both the required concrete test facilities and 

outdoor test stands needed for such testing. However, due to the extreme dif- 

ficulty and expense in acquiring, shipping, and installing large numbers of 

operational engines, the decision was made to construct an emission measurement 

bus which could be driven to engine overhaul facilities where engines are most 

available. Tinker AFB, Ke1ly AFB, and the J-85 and J-69 contractor facilities 

are the most desirable testing locations. Hq AFLC support for the required addi- 

tional engine running time at these locations is currently being sought. 

3. MEASUREMENT TECHNIQUES 

Emission measurement techniques are generally those as detailed in the Society 

of Automotive Engineer's "Aerospace Recommended Practice" #1179 for smoke measure- 

ment and §}0S6  for gaseous emission measurement. Sampling probes, heated trans- 

port lines, and continuous measurement instrumentation will be used (figure 3, 

table VI). While remote instrumentation for "in-situ11 measurements would be 

highly desirable, the long term development program to accurately measure the 

pollutants of interest and to eliminate all interferences, dictated tnat the 

currently accepted instrumentation be used. Correlations between sampling line 

and "in-situ" measurements should be in future efforts. 

There is currently no ARP measurement technique to obtain particulate mass 

emissions although strong efforts to develop an acceptable technique are under- 

way. The dilution tube and smoke-number methods will both be used in initial 

testing. The EPA technique for dry perticulates and the LAAPCD technique for 

total particulates (includes water and solvent soluable components) may be used 

sparingly to obtain some correlation with past studies. 

Emission measurements in engine afterburning modes present major sampling 

difficulties. While all other engine modes can be sampled at the exhaust plane 

of an engine inside a maintenance test cell, the afterburning mode has chemical 

reactions occurring downstream from the engine exhaust. Also, abnormal quenching 

of the reaction caused by the test cell itself makes measurements at the exit 

plane of a test cell highly suspect. Consequently, measurements in the A/B mode 

will be taken downstream from engines in an open outdoor "test stand." Data 

collection is tentatively planned in early FY 75 to take advantage of a concurrent 

program at AFAPL for the development of techniques for afterburning emission 
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measurements. The AFAPL project will intensively study one engine each of the 

J-79, J-85, and F101 engine models. The survey program outlined here will then 

perform briefer measurements on larger numbers of the above engines as well as 

possible measurements on the J-75, J-57, and TF-30 engines in the A/B mode. 
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SECTION VI 

EFFORTS TO OBTAIN AIRCRAFT LANDING AND TAKE-OFF CYCLES 

Obtaining an accurate characterization of USAF aircraft operational procedures 

is equally as important as obtaining engine emission factors when performing any 

kind of analysis of aircraft effects on air quality. Operations are characterized 

by the total number of takeoffs and landings for a given aircraft model (which can 

be readily obtained from records) and an accurate description of average aircraft 

landing and takeoff (LTD) cycles. Average LTO cycle information is not now avail- 

able for USAF aircraft and is therefore being proposed in the following sections. 

1. LTO CYCLE COMPONENTS 

Three essential components are required to describe the LTO cycle for each 

aircraft. The aircraft mode of operation (as a function of engine operation such 

as fuel flow), average time in each of the aircraft modes, and location of air- 

craft in each of the aircran nod«s are described separately. 

a. Aircraft Modes 

Aircraft modes of operation must be categorized in a way that emission 

information can be accurately compiled to describe all of the actions taken by 

aircraft. Each category must have only one significant engine thrust setting 

since the engine emission factors are based on thrust (i.e., fuel flow). A nine- 

category aircraft LTO cycle is proposed for USAF usage as pictured in figure 4. 

The nine categories are intended to be specific for each aircraft type but 

generally averaged over all Air Force basss. If two aircraft types have vastly 

different operating cycles, they may be handled separately. Climb and approach 

are defined as being only below a 3000-foot actual ground level (AGL) which is in 

agreement with EPA studies. 

Two additional categcries are needed to completely describe all emissions 

in a cycle. Category 10 describes aircraft "touch and go" operations which are 

used as a training method at many Air Force bases. Operations will generally 

have the same engine fuel flows and power settings as category 6, approach from 

3000 feet, and category 5, climb to 3000 feet, but must be counted separately 

when compiling total aircraft operations. 
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Category 11 describes the amount of raw fuel which Is spilled, dumped, or 

vented In an average LTO cycle. This value will vary considerably from aircraft 

to aircraft and by operating procedures between similar aircraft. 

b. Time Per Aircraft Mode 

For the first 9 aircraft mode categories described above, an average 

time per operation is required. Some of the times such as taxi duration before 

takeoff are more a function of alrbase design than of aircraft type. Other times 

such as the duration of climb out to 3000 feet are almost exclusively a function 

of aircraft type. Despite these variables, overall average times for each LTO 

category must be obtained per aircraft. 

c. Locations Per Aircraft Mode 

When determining the effects of aircraft on air quality, the location 

where pollutants are emitted is quite important. Only some of this information 

is considered as part of the generalized LTO cycle per aircraft type. Relation- 

ships to describe the length of runway roll on takeoff, climb rates, and descent 

rates and aircraft speeds can be developed independently from the area of con- 

cern. Other data such as the location of parking ramps, taxiways, runways, as 

well as wind frequencies  to describe runway directions, will have to be described 

specifically for each airbase of interest. 

2. LTO DATA COLLECTION SHEETS 

Standard data sheets for the collection of necessary LTO cycle information are 

proposed in tables VII (fixed wing aircraft) and VIII (rotary wing aircraft). One 

data sheet for each aircraft type Is needed. The 11 aircraft mode categories are 

in chronological sequence of the LTO cycle. Engine modes are most accurately 

described in fuel flow (pounds per minute), but may be converted from percent of 

maximum thrust which is the normal indicator in the cockpit. This data will 

eventually be reduced to engine mode categories of idle, cruise, military (full 

rated thrust), and maximum afterburner. 

Distance values on this general data shee^ are only needed in the blank 

columns. All other distances vary with airbase design and therefore must be 

obtained specifically for the local area which is under investigation. 

Raw fuel loss during ground operations has proven to be significant in some 

civilian aircraft operations. Obtaining accurate estimates of quantities lost 

and aircraft modes during loss will help define the need for any Air Force 
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concern. Accidental full spills should also be noted by indicating average 
quantities and frequency of occurrence. 

Additional data, such as average aircraft velocities at lift-off, average 

velocities at toudhdown, average descent angles, and average climb angles will 

be used to characterize the aircraft location throughout the LTO cycle. The 

touch and go category assumes aircraft modes as described in the approach and 

climb out categories with only a momentary touchdown of the aircraft wheels on 

the runway. Practice cycles which are typically different should be described 

(such as "low fly-overs" where the aircraft does not descend below 50 feet A6L, 
or "touch and go's" with a 400-foot or greater runway roll). 
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